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Sol–Gel-Derived Lithium Superionic Conductor
Li1.5Al0.5Ge1.5(PO4)3 Electrolyte for Solid-State Lithium–
Oxygen Batteries
Padmakar D. Kichambare,*[a] Thomas Howell,[a, b] and Stanley Rodrigues[a]

Introduction

Lithium–oxygen batteries are one of the most promising
high-energy-density electrochemical power sources anticipat-
ed to impact future battery technologies.[1–5] This battery con-
sists of lithium metal anode, lithium-ion-conducting electro-
lyte, and oxygen cathode. During cell discharge, oxygen is re-
duced at the cathode as the lithium metal is oxidized.[6] Lithi-
um peroxide and/or lithium oxides[7–12] are formed as dis-
charge products that are stored in voids of the cathode
matrix. Upon charging, these discharge products are convert-
ed back to lithium and oxygen.[13–16] To realize a long-term
operational stability of these batteries, a solid ceramic elec-
trolyte with high ionic conductivity, wide electrochemical op-
erating window, and good stability against chemical reactions
with the cathode and anode materials is desired. Lithium su-
perionic conductors are promising materials as electrolytes
for solid-state lithium batteries due to their incombustibility
characteristics for increased safety.[17, 18]

Among lithium superionic conductors, lithium aluminum
germanium phosphate (LAGP) and lithium aluminum titani-
um phosphate (LATP) are of importance for the develop-
ment of solid-state lithium–oxygen batteries.[19–24] LATP and
LAGP are derivatives of LiTi2(PO4)3 and LiGe2(PO4)3, re-
spectively. Both LATP and LAGP consist of two polyhedral:
MO6 octahedra (M= Ti, Ge, etc.) and PO4 tetrahedra, linked
by their corners to form a rigid [M2(PO4)3]

� skeleton. The
skeleton provides a three-dimensional array of tunnels
through which the Li+ can migrate. LAGP is of particular in-
terest as it also helps to facilitate the reduction of oxygen in
lithium–oxygen batteries.[25] In addition, LAGP can be made
stable against reaction with Li metal.[19,20, 26] Synthesis of
LAGP has been reported by various techniques such as melt

quenching,[27,28] conventional solid-state sintering,[29] sol–
gel,[30] and flame–spray methods.[31] High conductivities of
4.0 � 10�4 Scm�1[27] and 5.08 �10�3 Scm�1[28] at room tempera-
ture were reported for LAGP prepared by using the melt-
quenching method. Leo et al. reported a bulk conductivity of
3.99 � 10�4 Scm�1 for Li1.4Al0.4Ge1.6(PO4)3

[29] prepared by
using a solid-state method. On the other hand, the bulk con-
ductivities for Li1.4Al0.4Ge1.6(PO4)3 prepared by using a sol–
gel method[30] and Li1.5Al0.5Ge1.5(PO4)3 prepared by using
a flame spray technique[31] were found to be 2.8 � 10�4 and
2 � 10�4 Scm�1, respectively, at room temperature. Compared
to LAGP prepared by using a solid-state sintering method,
glass ceramics prepared by melt quenching demonstrate
a denser microstructure with fewer grain boundary effects.
The sol–gel and a flame–spray methods allow the prepara-
tion of the desired shape and size of the grains of LAGP.
However, a flame–spray method requires amorphous LAGP
to prepare crystallized Li1.5Al0.5Ge1.5(PO4)3.

Lithium aluminium germanium phosphate (LAGP) is attract-
ing a great deal of attention as a solid electrolyte for lithi-
um–oxygen (Li–O2) batteries due to its high ionic conductivi-
ty. In this study, LAGP is prepared by a sol–gel process using
comparatively low-cost GeCl2 as one of the reactants. The
final product (LAGP) is obtained by sintering the dry precur-
sor gel at 900 8C for 6 h. The influence of the duration of
water evaporation during polymerization on the microstruc-
ture of LAGP has been examined. The structure, morpholo-
gy, and electrochemical properties of LAGP are investigated
by employing X-ray diffraction (XRD), scanning electron

microscopy (SEM), nitrogen adsorption–desorption analysis,
and electrochemical impedance spectroscopy. XRD studies
confirm the formation of Li1.5Al0.5Ge1.5(PO4)3 as a primary
phase along with small amounts of AlPO4 and Li2O as im-
purity phases. LAGP specimens have ionic conductivities in
the range of 10�4 to 10�5 S cm�1 at room temperature. In ad-
dition, LAGP also exhibits electrocatalytic activity towards
the oxygen-reduction and evolution reactions. These results
demonstrate the potential of LAGP prepared by sol–gel pro-
cesses as a solid electrolyte for lithium-ion conduction in
solid-state lithium–oxygen batteries.
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In our previous work,[19–22] Li1.5Al0.5Ge1.5(PO4)3 was pre-
pared by using the melt-quenching method. Due to safety
concerns and the higher calcination temperature needed for
melt-quenching and solid-state sintering methods, the sol–gel
method was utilized in this work for the synthesis of LAGP.
Systematic studies have been performed of the synthesis of
LAGP. The sol–gel method was used to synthesize
Li1.5Al0.5Ge1.5(PO4)3 by employing comparatively low-cost
GeCl2 as one of the reactants, and the LAGP powder was
characterized by various techniques. The influence of the du-
ration of water evaporation during polymerization on the mi-
crostructure of LAGP was also examined, and finally, the
ionic conductivity and electrocatalytic properties of LAGP
were investigated.

Results

The Li1.5Al0.5Ge1.5(PO4)3 powder was prepared by using
a sol–gel process under three different conditions and low-
cost GeCl2 as one of the reactants as described in the Experi-
mental Section. Three LAGP specimens were obtained for
the following precursor-solution evaporation recipes: 120 8C
for 26 h (specimen 1), 150 8C for 14 h (specimen 2), and
180 8C for 6 h (specimen 3).

Microstructure analysis

The X-ray diffraction (XRD) spectra for specimens 1, 2, and
3 are shown in Figure 1. The XRD spectra reveal the crystal-
line phases with the presence of all major peaks of LAGP
and impurity peaks of pyrophosphate (AlPO4, shown as *)
and Li2O (shown as *) in Figure 1. All the major diffraction
peaks have been assigned to the Na superionic conductor
(NASICON)-type LiGe2(PO4)3 structure. It should be noted
that in spite of heavy substitution of Al at Ge sites, the dif-
fraction pattern of LAGP matches well with that of LiGe2-
(PO4)3 and this is due to the very similar ionic radii of Ge4+

(0.054 nm) and Al3+ (0.053 nm). Impurity peaks of the
AlPO4 phase at 2q=188 and 228 are observed for speci-
mens 1, 2, and 3. For specimen 3, an additional impurity
peak of Li2O

[33] at 2q=20.78 is also observed. XRD studies
indicate that the duration of water evaporation during the
gel formation has an influence on the phase purity of LAGP.
It is reported that these impurity phases are mostly segregat-
ed at the grain boundaries in LAGP.[32, 33]

Shown in Figure 2 a–c are typical SEM images of the
LAGP in specimens 1, 2, and 3. It is observed that for water

evaporation for 26 h at 120 8C, well-defined crystals are gen-
erated with a particle size of approximately 0.6 mm. There is
a wide distribution of grain size for LAGP specimens 2 and 3
as depicted in Figure 2 b, c. SEM images (Figure 2 b, c) show
well-defined and heterogeneous crystals with particle sizes
ranging from 0.7 to 3 mm. Elemental contents in the LAGP
specimens were analyzed with energy-dispersive X-ray
(EDX) spectroscopy. Al, Ge, O, and P were identified in
these specimens. The EDX spectrum shows the presence of
the C peak from the conductive carbon tape used during
EDX analysis.

The Brunauer–Emmett–Teller (BET) nitrogen adsorption–
desorption isotherms of specimens 1, 2, and 3 were obtained.
Shown in Figure 3 a is a typical nitrogen adsorption isotherm
for specimen 1. BET surface area and pore volume values of
specimens 1, 2, and 3 were determined and are summarized

Figure 1. XRD patterns of (1) specimen 1, (2) specimen 2, and (3) speci-
men 3, for evaporation at 120 8C for 26 h, 150 8C for 14 h, and 180 8C for 6 h,
respectively. Impurity peaks of AlPO4 and Li2O are shown as (*) and (*), re-
spectively.

Figure 2. SEM images of LAGP a) specimen 1, b) specimen 2, and c) speci-
men 3 for evaporations at 120 8C for 26 h, 150 8C for 14 h, and 180 8C for 6 h,
respectively. The scale bar in SEM images is 1 mm. d) Energy-dispersive X-ray
spectroscopy of LAGP specimen 1.

Table 1. Physical and electrical properties of LAGP electrolytes.

LAGP Elec-
trolytes

BET surface
area [m2 g�1]

Pore
volume
[cm3 g�1]

Ionic conductivity
[Scm�1] at room
temp.

Activation
energy [eV]

specimen 1 4.28 0.015 1.03 �10�4 0.46
specimen 2 3.91 0.012 8.33 �10�5 0.42
specimen 3 2.12 0.006 8.88 �10�5 0.48

The precursor solution was evaporated for specimen 1 at 120 8C for 26 h,
specimen 2 at 150 8C for 14 h, and specimen 3 180 8C for 6 h.
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in Table 1. Significant nitrogen uptake above the relative
pressure ratio of 0.90 has been observed in the BET isotherm
(Figure 3 a) and this is due to the condensation of nitrogen in
the porous structure of the LAGP. The pore size distributions
for the LAGP specimens are derived by using the Barrett–
Joyner–Halenda (BJH) method. Figure 3 b shows the pore
size distribution curve for specimen 1 is centered at a pore
diameter of 30 nm.

Electrocatalytic performance for oxygen reduction and evolution
reactions

The electrocatalytic ability of specimens 1, 2, and 3 were
evaluated by cyclic voltammetry (CV). These CV measure-
ments were performed in an oxygen-saturated aqueous solu-
tion of KOH (0.1 m). Shown in Figure 4 is a typical CV curve
of specimen 1 with reference to the saturated calomel elec-
trode (SCE). The oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) potentials for specimen 1
were found at approximately �0.50 V and 0.80 V (vs SCE),
respectively. No electrocatalytic activity was observed if the
electrolyte was saturated with nitrogen. The cathodic and
anodic peak current intensities for specimen 1 are 1.2 and
1 mA cm�2, respectively. Similar ORR and OER activities
were observed for specimens 2 and 3. The impurity phases
present in the LAGP did not affect the ORR and OER ac-
tivities.

All of these ions—superoxide (O2
�), peroxide (O�), and

oxide (O2�)—can be produced in the oxygen-reduction pro-
cess specifically as the CV measurements are being per-
formed in liquid electrolytes.[34–36] There are asymmetries in
the peak locations and intensities that indicate a measure of
irreversibility in the reaction. The criteria for reversibility of
a reaction from the CV data are often expressed in terms of
the ratio of cathodic (ipc) and anodic (ipa) peak current densi-
ties and the corresponding potential difference D

(Epc�Epa)= (59/n) mV, in which Epc, Epa, and n are the catho-
dic potential, anodic potential, and number of electrons par-

ticipating in the reaction, respectively.[37] The ipc/ipa ratio and
D (Epc�Epa) for specimen 1 are 1.09 and 1.29 V, respectively.
The irreversibility of the reaction may stem from a kinetic
hindrance to the transport of O2 and Li+ and an asymmetric
activation energy for the involved reactions. This indicates
that the LAGP specimens are efficient electrocatalysts for
ORR and OER in lithium–oxygen batteries.

Impedance spectroscopy and ionic conductivity

Representative Nyquist impedance plots of LAGP speci-
mens 1, 2, and 3 are depicted in Figure 5. Impedance spectra
were collected to analyze the frequency response of LAGP
specimens over wide temperature range, from �40 8C to
110 8C. The plots were normalized to the geometrical factor
t/A for each specimen, in which t and A are the thickness
and area of the LAGP pellet, respectively. The impedance
spectra of the LAGP specimens show a compressed semicir-
cle that corresponds to ion conduction in the bulk of the

Figure 4. Cyclic voltammogram of specimen 1 in oxygen-saturated aqueous
KOH (0.1 m) at 25 8C with a scan rate of 5 mVmin�1.

Figure 5. Nyquist Impedance plots of LAGP specimens 1 (&), 2 (*), and 3
(~) at room temperature.

Figure 3. a) N2 adsorption–desorption isotherms of specimen 1 and b) pore
size distributions of specimen 1 as calculated by using the BJH method.
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specimens and the tail relates to electrode polarization. The
semicircle demonstrates that LAGP behaves as an electrolyte
resistance in parallel with an interelectrode capacitance. The
intersection of the semicircle with the real axis shows a high
conductivity of 1.03 � 10�4 S cm�1 (specimen 1) that points to
fast lithium-ion conduction in highly crystalline LAGP. The
disappearance of the bulk impedance semicircle at higher
temperature in the impedance profile is observed (Figure S1
in Supporting Information) and is due to the very low resist-
ance of LAGP which typically responds at very high frequen-
cies. These results are consistent with those reported for
glass ceramics with NASICON-type structures.[31,38] The con-
ducting properties of these ionic conductors depend on the
crystalline phase and the tunnel size for lithium-ion migra-
tion. The ionic conductivities of these LAGP specimens are
comparable to those of other lithium ionic conductors.[27,31, 39]

The Arrhenius plots of the conductivities for specimens 1,
2, and 3 are shown in Figure 6 and they indicate that the

ionic conductivity of LAGP increase with temperature. The
ionic conductivities for all LAGP specimens were calculated
from the bulk resistance of LAGP derived from the Nyquist
plots. The conductivity data were found to fit well to the Ar-
rhenius equation. The activation energies for specimens 1, 2,
and 3, derived from the slopes of the Arrhenius plots, were
found to be 0.46, 0.42, 0.48 eV, respectively. The small varia-
tion in activation energy for specimens 1, 2, and 3 may be
due to the increase in grain size of LAGP as observed in
Figure 2. There is a significant increase in conductivity on
the order of 10�3 S cm�1 at higher temperatures as illustrated
in Figure 6. The ionic conductivity of LAGP specimens at
higher temperatures is comparable to that of ionic liquid
electrolytes at room temperature.[40]

Application to solid-state lithium–oxygen cell

As a first step in realizing the application of sol–gel-derived
LAGP as electrolyte, a solid-state lithium–oxygen test cell
was fabricated similar to the one reported in our previous
work.[22] Figure S2 shows a portion of discharge–charge be-
havior of the lithium–oxygen cell with sol–gel-derived LAGP
as electrolyte with a low discharge current of 0.05 mA at
75 8C. In this test cell, the cathode was nitrogen-doped
carbon with 5 wt% LAGP and the anode was lithium metal.
It is apparent from the Figure S2 that the cell is reversibly
charged and discharged at charge/discharge currents of
0.05 mA.

Discussion

In this study, synthesis of the solid electrolyte LAGP with
uniform particle size for lithium–oxygen batteries was dem-
onstrated by using a sol–gel process. The influence of the du-
ration of water evaporation during polymerization on the mi-
crostructure of LAGP was further examined. The drying
time for sol–gel plays a direct role in the microstructure of
the final material due to the distribution of pores throughout
the gel. From the BET results it was observed that the sur-
face area of the particles increased with long evaporation
times. The longer evaporation time also leads to more uni-
form and smaller particle sizes as demonstrated in the SEM
images. Table 1 indicates that specimen 1 exhibits higher con-
ductivity than specimens 2 and 3. The higher conductivity of
specimen 1 is attributed to the uniform particle size. XRD
studies clearly demonstrate the presence of a dominant crys-
talline phase of LAGP along with a small impurity phase of
AlPO4. This impurity phase may have been formed due to
insufficient mixing of Ge with the Al source. Using a longer
mixing time may help reduce the impurity phase of AlPO4.

It is observed from Nyquist impedance plots that the ap-
parent diameter of the semicircle for specimens 2 and 3 is
smaller than that of specimen 1. The larger diameter for
specimen 1 is probably due to a higher concentration of im-
purity phase in the intergranular region that influenced lithi-
um-ion conduction. The Arrhenius plots (Figure 6) of the
specimens are nearly linear and that is attributed to the pres-
ence of impurity AlPO4 in the LAGP solid electrolyte.[41]

This indicates that the impurity phase has an influence on
the conductivity of LAGP.

CV measurements revealed electrocatalytic activity of
LAGP towards the oxygen reduction and oxygen evolution
reactions that correlates with the number of available cata-
lytic sites and adsorption affinity for oxygen on LAGP. It is
foreseeable that the ionic conductivity and electrocatalytic
activity of the LAGP solid electrolyte can be further im-
proved through chemical manipulations.

Conclusions

LAGP was prepared by using a sol–gel process under three
different precursor-solution evaporation conditions: 120 8C

Figure 6. Arrhenius plots of the ionic conductivity of LAGP specimens 1 (&),
2 (*), and 3 (~).
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for 26 h (specimen 1), 150 8C for 14 h (specimen 2), and
180 8C for 6 h (specimen 3). LAGP was found to be domi-
nant crystalline phase. Small amounts of pyrophosphate
(AlPO4) and Li2O as impurity phases were detected. The
highest room-temperature ionic conductivity of LAGP was
found to be 1.03 � 10�4 S cm�1. LAGP prepared by sol–gel
process also showed electrocatalytic activity towards the
ORR and OER. The preliminary electrochemical studies on
sol–gel-derived LAGP indicate that it acts as a electrolyte in
lithium–oxygen cells. These studies suggest that LAGP is
a promising solid electrolyte and electrocatalyst for all-solid-
state lithium–oxygen batteries.

Experimental Section

Materials

Analytical grade LiNO3 (Sigma–Aldrich), NH4H2PO4 (Acros Or-
ganics), Al(NO3)3 (Sigma–Aldrich), and GeCl2 (Sigma–Aldrich)
were used as received.

Synthesis of LAGP

In a typical sol–gel synthesis of LAGP, the precursor nitrates of
analytical grade LiNO3, NH4H2PO4, and Al(NO3)3 were dis-
solved in deionized water to generate stock solutions. For a Ge
stock solution, GeCl2 was dissolved in ethanol inside a dry box.
Stoichiometric amounts of nitrate solutions were placed into
a glass beaker (2 L). Ethylene glycol (Sigma–Aldrich) and citric
acid (Alfa Aesar) (1:1 molar ratio) were added to the nitrate so-
lution as a chelating agent to obtain a homogeneous solution.
This homogeneous solution was kept at 120 8C (specimen 1) for
26 h to allow the evaporation of water and to achieve a dry
powder in one case. In the other two cases, the homogeneous sol-
utions were maintained at 150 8C (specimen 2) and 180 8C (speci-
men 3) for 14 h for 6 h, respectively. The resulting dry powder
was pyrolyzed at 500 8C to release the volatile compounds and
further calcined in a high-purity alumina crucible at 800 8C for
5 h with a heating rate of 1 8C min�1 at ambient conditions (in
air). The resulting powder was then cooled and ground using an
agate mortar and further reground for 1 h, by using high-energy
ball milling (SPEX SamplePrep 8000M Mill) to obtain a fine
powder. This fine powder was sintered in an alumina crucible at
900 8C for 6 h to achieve a well-crystallized LAGP powder.

Measurements

Morphologies of LAGP specimens 1, 2, and 3 were examined by
using scanning electron microscopy (SEM). The elemental con-
tent in the LAGP specimens was analyzed using energy-disper-
sive X-ray (EDX) spectroscopy. X-ray diffraction (XRD) data
for the LAGP specimens were obtained using a Bruker D8 Dis-
cover diffractometer operated at 40 kV and 40 mA with CuKa

over the 2q range of 15 to 808 in steps of 0.058. The Brunauer–
Emmett–Teller (BET) surface areas of the LAGP specimens
were obtained by using a nitrogen sorption instrument (Micro-
meritics ASAP 2020). The LAGP specimens were degassed for
4 h at 250 8C under vacuum before surface area measurements.
Cyclic voltammetry (CV) measurements were performed in
a standard three-electrode cell configuration with oxygen-satu-
rated aqueous KOH (0.1 m) as the electrolyte by using a Versa-

Stat 4 electrochemical analyzer. Pastes consisting of the LAGP
specimen and Nafion (tetrafluoroethylene-based fluoropolymer
copolymer) solution were prepared and spread on graphite,
which was used as the working electrode. A Pt wire was used as
the counter electrode and a saturated calomel electrode (SCE)
electrode was used as the reference electrode. Electrochemical
impedance spectroscopy (EIS) measurements on LAGP speci-
mens were conducted over a frequency range of 1 Hz to 106 Hz
by using a VersaSTAT 4 (Princeton Applied Research) electro-
chemical workstation. For impedance measurements, pellets of
LAGP specimens (0.8 mm thickness, 1.2 cm diameter) were pre-
pared and heated at 1 8C min�1 up to 850 8C and sintered at that
temperature for 24 h before cooling down to room temperature
at a rate of 2 8C min�1. Dense pellets with smooth surfaces were
obtained. A gold coating (0.5 mm thickness) was sputtered on
both sides of the pellets to achieve good electrical contact.
Charge–discharge measurements of the solid-state lithium–
oxygen cell were performed in a galvanostatic mode under an
oxygen atmosphere.
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